This study systematically compares the performance of osmotic membrane bioreactor -reverse osmosis (OMBR-RO) and conventional membrane bioreactor -reverse osmosis (MBR-RO) for advanced wastewater treatment and water reuse. Both systems achieved effective removal of bulk organic matter and nutrients, and almost complete removal of all 31 trace organic contaminants investigated. They both could produce high quality water suitable for recycling applications. During OMBR-RO operation, salinity build-up in the bioreactor reduced the water flux and negatively impacted the system biological treatment by altering biomass characteristics and microbial community structure. In addition, the elevated salinity also increased soluble microbial products and extracellular polymeric substances in the mixed liquor, which induced fouling of the forward osmosis (FO) membrane. Nevertheless, microbial analysis indicated that salinity stress resulted in the development of halotolerant bacteria, consequently sustaining biodegradation in the OMBR system. By contrast, biological performance was relatively stable throughout conventional MBR-RO operation. Compared to conventional MBR-RO, the FO process effectively prevented foulants from permeating into the draw solution, thereby significantly reducing fouling of the downstream RO membrane in OMBR-RO operation. Accumulation of organic matter, including humic-and protein-like substances, as well as inorganic salts in the MBR effluent resulted in severe RO membrane fouling in conventional MBR-RO operation. 
Introduction

35
Water scarcity due to population growth, urbanization, climate change, and environmental 36 pollution is a vexing challenge to the sustainable development of our society (Elimelech and 37 Phillip, 2011) . This challenge calls for further efforts to develop and improve technologies 38 that can tap into alternative water sources, such as municipal wastewater, to enhance water 39 supply and mitigate water shortage. The ubiquitous presence of trace organic contaminants 40 (TrOCs) in reclaimed water and wastewater-impacted water bodies remains a major obstacle 41 to water reuse. TrOCs are emerging organic chemicals of significant concerns derived from 42 either anthropogenic or natural activities as they present potential health risks to humans and 43 other living organisms (Luo et al., 2014b) . 44 Membrane bioreactor (MBR) is a well-known technology for wastewater treatment and water 45 reuse. MBR combines conventional activated sludge (CAS) treatment and a physical 46 membrane filtration process, typically including microfiltration (MF) and ultrafiltration (UF). 47
As an alternative to CAS treatment, MBR is more robust and versatile and can produce 48 higher standard effluent with smaller sludge production and physical footprint (Hai et al., 49 2014) . Some evidence has emerged that MBR could enhance the removal of TrOCs, 50 particularly moderately biodegradable and hydrophobic compounds compared to CAS 51 treatment (Clara et treatment by nanofiltration (NF) or reverse osmosis (RO) is usually required to produce high 55 quality water for reuse (Gerrity et al., 2013) . The NF/RO process can complement well MBR 56 to achieve effective removal of various TrOCs (Alturki et al., 2010; Nguyen et al., 2013) . 57 7 (Mettler-Toledo, Hightstown, IL), which was connected to a computer. A decrease in the feed 128 reservoir weight was recorded and then used to calculate the FO water flux. 129
The FO membrane cell was made of acrylic plastic. A flat-sheet, thin-film composite (TFC) 130 FO membrane was mounted on the cell to seal the draw solution flow channel of 20 cm long, 131 15 cm wide, and 0.4 cm high. The membrane active layer was in contact with the mixed 132 liquor (i.e. FO mode) with an effective surface area of 300 cm 2 . The draw solution was 133 circulated from a stainless steel reservoir to the membrane cell by a gear pump (Micropump, 134 Vancouver, WA) at a cross-flow velocity of 2.8 cm/s. 135
The TFC FO membrane used in this study was obtained from Hydration Technology 136
Innovations (Albany, OR). Similar to TFC FO membranes from other suppliers (e.g. Oasys 137
Water and Porifera), this membrane comprised a thin, selective polyamide active layer and a 138 porous polysulfone support layer. These TFC FO membranes have higher rejection capacity 139 and much higher water permeability than cellulose triacetate based FO membranes (Cath et 140 al., 2013) . In fact, TFC FO membranes with two to three times higher water permeability 141 than the membrane used in this study have been recently reported (Tian et al., 2015; Wei et 142 al., 2015) . It is noted that the polyamide active layer of commercial membranes can be 143 slightly modified by proprietary additives. In addition, the support layer structure can also 144 influence the membrane water permeability (Lu et al., 2015) . However, this study was 145 specific to the comparison between OMBR and conventional MBR, rather than membrane 146
properties. Thus, findings from this study are still valid to OMBR using other FO 147 membranes. 148 8 with a flow channel height of 0.2 cm and an effective membrane surface area of 40 cm 2 (4 cm 153 × 10 cm). A bypass valve and a back-pressure regulator (Swagelok, Solon, OH) were used to 154 adjust the hydraulic pressure and cross-flow velocity. A temperature controller (Neslab 155 RTE7, Waltham, MA) installed with a stainless steel heat exchanger coil was used to 156 maintain the RO feed (i.e. OMBR draw solution) temperature at 21 ± 1 °C. Water flux was 157 monitored by a digital flow meter (Optiflow, Palo Alto, CA), which was connected to a 158 computer. Key properties of the FO and RO membranes used in the OMBR-RO hybrid 159 system are provided in Table S2 , Supplementary Data. 160
Conventional membrane bioreactor -reverse osmosis 161
A lab-scale, conventional MBR-RO system was composed of a hollow fibre MF membrane 162 module (Mitsubishi Rayon Engineering, Tokyo, Japan) in a glass bioreactor and an RO unit 163 ( Figure S1b , Supplementary Data). The bioreactor and RO unit were identical to those used 164 in the OMBR-RO system. The MF membrane was made of polyvinylidene fluoride with a 165 nominal pore size and an effective surface area of 0.4 µm and 740 cm 2 , respectively. The MF 166 membrane driven by a Masterflex peristaltic pump (Cole-Parmer, Vernon Hills, IL) was 167 operated in a cycle of 14 min suction and 1 min relaxation. The relaxation time was set to 168 reduce membrane fouling. A high resolution (±0.1 kPa) pressure sensor (Extech Equipment, 169 Australia) was installed to record the trans-membrane pressure (TMP). 170
Experimental protocol 171
Activated sludge from the Wollongong Wastewater Treatment Plant (Wollongong, Australia) 172 was used to inoculate the two bioreactors. The bioreactors were acclimatized to the synthetic 173 wastewater described above for over 60 days using MF membranes for effluent extraction 174 under the same conditions. Once acclimatized with regards to bulk organic removal (i.e. over 175 97% total organic carbon (TOC) removal), the MF membrane was removed from one9 bioreactor, which was then integrated with the FO and RO components to form the OMBR-177 RO hybrid system. A same RO component was coupled with the other bioreactor to establish 178 the conventional MBR-RO system. 179
Both OMBR-RO and conventional MBR-RO systems were continuously operated for 40 180 days under similar conditions in a constant temperature room (22 ± 1 °C). The bioreactors 181
with working volume of 6 L were continuously aerated to obtain a mixed liquor dissolved 182 
Measurement of trace organic contaminants 206
Aqueous samples were taken from the OMBR-RO and MBR-RO systems every ten days for 207
TrOC analysis using a method previously described by Hai et al. (2011) . Briefly, the method 208 involved solid phase extraction, derivatisation, and quantification by a gas chromatography -209 mass spectrometry system (QP5000 GC-MS, Shimadzu, Kyoto). 210
In OMBR-RO, TrOC removal rates by the bioreactor (R Bio ), OMBR (R OMBR ), and OMBR-RO 211 (R Overall ) are defined as follows: 212 
where M FO is the mass flow rate of TrOCs crossed through the FO membrane; C Draw(t) and 225 C Draw(t+∆t) is the measured TrOC concentration in the draw solution at time t and t+∆t, 226 respectively; C RO(t) and C RO(t+∆t) is the measured TrOC concentration in the RO permeate at 227 time t and t+∆t, respectively; and Q FO and Q RO is the water flux of the FO and RO 228 membranes, respectively. As noted in Section 2.3, the RO water flux (Q RO ) was adjusted to 229 be equal to that of the FO membrane (Q FO ). Based on eqs. (4) -(6), C * Draw is calculated from 230
According to eqs. Further taxonomic analysis revealed significant difference in the microbial community 384 between OMBR and conventional MBR (Figure 3 ). For instance, the phylum Planctomycetes 385 in conventional MBR was much more abundant than that in OMBR (Figure 4a ). This result is 386 consistent with our previous study that showed a decrease in the abundance of the phylum 387
Planctomycetes in a conventional MBR when its influent salinity increased (Luo et al., 388 2016c) . Microbial species of the phylum Bacteroidetes are usually detected in both marine 389 and freshwater environments (Zhang et al., 2013) . Thus, the phylum Bacteroidetes was 390 identified in all sludge samples with noticeable abundance (Figure 4a) . Nevertheless, the 391 abundance of the phylum Bacteroidetes increased during OMBR operation, which could be 392 further attributed to an increase in the dominance of the family Cytophagaceae (Figure 4b) . 393
Abundance of the phylum Proteobacteria varied differently during OMBR and conventional 394 MBR operation, although it was the most abundant phylum in both systems ( Figure 4a ). As 395 conventional MBR operated, the abundance of the phylum Proteobacteria increased 396 significantly, which was mainly contributed by the dominance of the class β-proteobacteria. 397
Members of the class β-proteobacteria are typically dominant in freshwater environment 398 (Zhang et al., 2013) . Detailed analysis attributed this class dominance to the predominance of 399 the families Oxalobacteraceae and Comamonadaceae (Figure 4b) . By contrast, a small 400 increase in the abundance of the class β-proteobacteria was observed during OMBR 401 operation, which was only contributed by the dominance of the family Comamonadaceae. layer formed on the MF membrane surface rejected them to some extent (Figure 7b) . 514
Nevertheless, the high rejection RO membrane complemented well to MBR for the high 515 overall removal of these compounds. 516
Reverse osmosis membrane fouling 517
Water flux of the RO process subsequent to conventional MBR was adjusted daily to match 518 that of the RO process subsequent to OMBR (Section 2.3). Changes in the applied hydraulic 519 pressures to the RO membrane in these two hybrid systems are shown in Figure 8a . To 520 compare fouling development on the RO membrane surface, the normalized water 521 permeability was also determined (Figure 8b) , which is the ratio of the effective membrane 522 water permeability to the initial value (P/P 0 ). 523
[Figure 8] 524
The normalized water permeability of the RO membrane decreased less significantly than in 525 conventional MBR-RO (Figure 8 ). This result indicates that the RO membrane fouling was 526 more severe when treating conventional MBR effluent compared to reconcentrating theOMBR draw solution due to their different water qualities and foulant contents (Figures 5 528 and 6). Thus, although the RO membrane in OMBR-RO was operated at a higher initial 529 hydraulic pressure to overcome the osmotic pressure of the draw solution (i.e. 0.5 M NaCl), 530 the hydraulic pressure applied to the RO membrane in conventional MBR-RO increased 531 much more rapidly and frequent RO membrane replacement was needed to match the water 532 flux of OMBR-RO (Figure 8a ). Severe RO membrane fouling observed in conventional 533 MBR-RO can be attributed to foulant accumulation in the MBR effluent reservoir. Indeed, 534 EEM analysis revealed foulant build-up, such as humic-like (λ ex/em =300-370/400-500 nm) 535 and protein-like substances (λ ex/em =275-290/330-370 nm), in the MBR effluent ( Figure S5 , 536
Supplementary Data). 537
The FO process effectively prevented foulants from permeating into the draw solution 538 (Figures 6 and 7) , thereby reducing membrane fouling in the downstream RO process. For 539 instance, the humic-and protein-like substances accumulated considerably in the bioreactor, 540 but their presence in the draw solution was negligible ( Figure S5, Supplementary Data) . 541
However, the RO normalized water permeability decreased gradually and stabilized at 542 approximately 0.35 from day 20 onward during OMBR-RO operation (Figure 8b ). The 543 observed permeability decline could be attributed to membrane compaction (particularly 544 within the first week of operation) and fouling under the high hydraulic pressure (Figure 8a) . 545
The fouling layer on the RO membrane surface exhibited different morphologies in OMBR-546 RO and conventional MBR-RO (Figure 9a, b) . Foulant clusters were sparsely distributed 547 without forming a dense fouling layer on the RO membrane surface subsequent to OMBR 548 (Figure 9a ). Elementary analysis by EDS revealed that these clusters comprised carbon, 549 oxygen, sodium, and chloride (Figure 9c) . By contrast, a compact and homogenous cake 550 layer formed on the RO membrane surface in conventional MBR-RO (Figure 9b ),This result indicates the formation of both organic and inorganic membrane fouling. However, 553 regularly shaped or needle-like crystals typically formed with inorganic scaling were not 554 visualized on the RO membrane surface subsequent to conventional MBR although 555 magnesium, calcium, and phosphate were detected (Figure 9b ). This result was possibly due 556 to the formation of inorganic precipitates in the organic fouling layer or the complexation 557 between these divalent cations and organic molecules (e.g. protein-like substances) on the 558 membrane surface (Zhao et al., 2010) . 559 Sludge produced by OMBR is expected to be saline. Thus, further study is necessary to 589 quantify the impact of salinity on subsequent sludge treatment and available sludge reuse 590 options. 591
Conclusion
592
Results reported here show that both OMBR-RO and conventional MBR-RO systems can 593 effectively remove bulk organic matter, nutrients, and all 31 TrOCs investigated. 594 bacteria by halotolerant ones, the OMBR system remained biologically active. Moreover, the 599 high rejection of foulants by the FO membrane prevented the downstream RO process from 600 severe membrane fouling. In contrast to biological variation in OMBR, biological 601 performance was relatively stable during conventional MBR operation. However, foulants 602 (e.g. humic-and protein-like matters and inorganic salts) accumulated considerably in the 603 MBR effluent reservoir, resulting in severe fouling to the subsequent RO membrane. 604 
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